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Abstract. 

Warped 5-dimensional models, based on the original Randall-Sundrum geometry, 
have been extended beyond their initial purpose of resolving the gauge hierarchy 
problem. Over the past decade, various ingredients have been added to their basic 
structure in order to provide natural and predictive models of flavor and also to address 
existing constraints from precision data. In this review, we examine the theoretical 
and experimental status of realistic models that accommodate current data, while 
addressing the hierarchy and flavor puzzles of the Standard Model. We also discuss the 
prospects for future discovery of the TeV-scale Kaluza-Klein states that are predicted 
to emerge in these models, and outline some of the challenges that the detection of 
such particles pose for experiments at the Large Hadron Collider. 
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1. Introduction 

The Standard Model (SM) of particle physics is remarkably successful in explaining a 
wide range of microscopic phenomena and has passed numerous tests over the past few 
decades. The only ingredient of this model that has yet to be discovered is the Higgs 
boson. It is the vacuum expectation value (vev) of this field that breaks the electroweak 
(EW) symmetry SU{2)l x U{1)y down to U{1)em of quantum electrodynamics and 
provides masses for elementary particles in the SM. However, this picture, though 
economical, leaves some intriguing questions unanswered. One obvious and central 
question is related to the patterns of the SM fermion masses (that, including the 
neutrinos, span 12 orders of magnitude!) and mixing; this is the flavor puzzle and 
is based on firm experimental evidence. 

Another question, which is more theoretical in nature, arises when one considers 
the effect of quantum corrections on the Higgs vev. These corrections are quadratically 
sensitive to any physical mass scales that could emerge at energies above the weak scale 
Mw ~ 100 GeV. However, stringent requirements from precision data strongly suggest 
that new physics can only appear at scales much larger than Mw- Besides, very high 
physical scales are wcll-motivatcd in the context of a Grand Unified Theory (GUT) or 
theories of quantum gravity. Therefore, one is faced with the question of what stabilizes 
the Higgs potential well below such large scales. The severest version of this problem 
arises when the fundamental cutoff scale is assumed to be near the 4D Planck mass 
Mp ~ 10^^ GeV; this is the hierarchy problem. 

In this review, we will focus on a framework based on a model originally proposed 
by Randall and Sundrum [1] to address the hierarchy problem. The Randall- Sundrum 
(RS) model is based on a slice of AdSs spacetime between two flat 4D boundaries, often 
referred to as the UV (Planck) and IR (TeV) branes. The branes are assumed to be 
separated by a distance of order the curvature radius of the background, which is in turn 
of order the 5D fundamental scale M5. This model provides a natural resolution of the 
hierarchy, by exponentially generating the weak scale from scales of order M5 ~ Mp. To 
achieve this, the Higgs field is localized at the IR-brane and the warping along the fifth 
dimension redshifts the Planckian 5D Higgs vev down to the weak scale. The requisite 
brane separation was shown to be easily obtained in simple models [2], resulting in a 
stable geometry. 

In the original RS model all SM fields were localized on the IR-brane and the most 
distinct signature of this setup was the emergence of a spin-2 tower of Kaluza-Klein 
(KK) gravitons [3] at the TeV scale. However, it was soon realized that resolving the 
hierarchy only required the Higgs to be IR-localized [4] and other fields could propagate 
in the 5D bulk. The SM gauge sector [5, 6] and the fermions [7] were then promoted 
to 5D fields. It was shown that locahzation of fermion zero modes could be achieved 
using 5D mass terms [7], with the heavy fermions localized toward the Higgs and the 
light fields localized away from the Higgs, resulting in a natural and predictive model of 
flavor. In particular, given that 5D location sets the relevant physical mass scale in the 
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RS background, light-flavor 4-fermion operators arc governed by large cutoff scales in 
warped flavor models [8], as required by precision data. This interesting feature allows 
one to address both the hierarchy and flavor puzzles within RS-type models, making 
them a very attractive model building framework that can be experimentally tested at 
the weak scale. 

While warped 5D models explain some of the important unresolved issues of the 
SM to a large extent, they are still subject to a degree of (fine-)tuning, once confronted 
with precision EW [9] and flavor data [10]- [14]. The gist of this tension is traced back 
to the resolution of the hierarchy problem that would prefer the scale of new physics 
to be near Mw- This gives rise to an effective 4D cutoff scale in the TeV range, where 
all non-renormalizable interactions that are not forbidden by a symmetry will emerge, 
whereas precision data generally require the cutoff scale to be at (9(10) TeV or more. 
To eliminate such "little hierarchies," the basic 5D SM structure of warped models have 
been augmented by various new ingredients, such as larger gauge symmetry groups 
[15, 16], in order to keep the scale of KK modes in the few-TeV range. This would 
remove the need for inordinate amounts of (fine-)tuning and also make the models more 
likely to be testable in various high energy experiments. 

Even though the most recent warped models of hierarchy and flavor can 
accommodate KK masses as low as 2-3 TeV [9], the discovery of the signature states 
quite generically poses a significant challenge. The basic reason for this originates in the 
way various states are localized in the bulk: light fermions are UV-localizcd, whereas 
the KK modes and heavy fermions arc IR-localized. This suppresses the couplings of 
the KK modes to light flavors that are important initial (such as light quarks) and 
final (such as /x^) states in collider production and detection, respectively. A volume 
suppression also affects the couplings of the highly localized KK modes to gauge fields 
that are spread over the bulk. Hence, in models that explain the flavor problem we end 
up with suppressed production of KK modes that eventually decay into heavy fields, 
such as tt, requiring complicated event reconstructions. Also, the heavy final states 
are highly boosted due to the high mass of the KK parent. This makes the eventual 
decays of the heavy final sates into di-jets difficult to distinguish from mono-jets, hence 
rendering QCD background suppression challenging. 

In the first half of this review, we will discuss the theoretical techniques that have 
been used to analyze the phenomenology of RS-type models. Although our results are 
of more general applicability, we focus on the most recent prototypical models that 
incorporate a reahstic flavor structure (bulk SM gauge and fermion fields) and possibly 
allow for new physics within reach of the Large Hadron Collider (LHC). We restrict 
ourselves to the original RS background and assume that there is a Higgs degree of 
freedom in the low-energy theory. We survey the phenomenological status of these 
realistic scenarios, thus providing a guide as to the plausible values of parameters in 
viable models. Having determined the phenomenologically relevant range of parameters, 
we will discuss the key collider signatures of warped 5D models in the second half of the 
review. Our main focus will be models endowed with bulk symmetries that allow for the 



KK masses to be within the reach of the LHC, without the need for unnatural choices 
of parameters. Some of the experimental obstacles that these models pose, as well as 
proposals to overcome such problems, will be outlined. We will also briefly discuss the 
expected enhancement of clean signals in "truncated" warped models whose UV cutoff 
is well below Mp, but still explain flavor. We will conclude with a summary. 

Before closing this introduction, we would like to emphasize that this review is 
not meant to be exhaustive or comprehensive. Such an undertaking will require a much 
longer article due to the large amount of research performed on warped models, over the 
past several years. In particular, important cosmological and gravitational effects that 
have been discussed in a number of interesting works lie outside the scope of our review, 
but certainly deserve attention in separate or more comprehensive surveys of warped 
physics. As such, we have limited our survey to some of the most generic features of 
model building and phenomenology. To the extent possible, we have cited works that 
are directly or closely related to our discussions. However, unfortunately, many worthy 
papers have been left out in our review. We hope that this article will serve to present a 
sufficiently inclusive account of the status of warped models to motivate the interested 
reader to pursue further references and delve more deeply into some of the subjects that 
we have (not) considered here. 

Part I General Tools and Electroweak Constraints 

Contributed by E. Ponton and J. Santiago 

In the flrst part of this review, we describe the tools that have been used to study 
the physics of warped extra-dimensional scenarios. We have put special emphasis on 
the explanation and comparison of the different techniques used. We focus on models 
that incorporate a custodial symmetry, and analyze the constraints from EW precision 
measurements. There are also important constraints from flavour data that, under the 
assumption of strict "anarchy" (that the 5D flavor couphngs present no structure at all 
and are all of the same order, including complex phases), can result in rather severe 
bounds on the new physics. These constraints depend on parameters different from 
those relevant for the EW precision constraints and can be evaded without significantly 
modifying the latter. Due to space constraints, we focus on the EW analysis, except for 
a brief section on flavour where we collect some of the recent references. 



Part I General Tools and Electroweak Constraints 



5 



2. Methods in models with weirped extra dimensions 

We consider a 5D space-time with a warped metric, written in conformally flat 
coordinates as f 

ds^ = a{zf{r]^,dx^dx'' - dz") , a{z) = — , (1) 

z 

where Lq < z < Li. Solving the hierarchy problem requires Lq Mp^, and 
Li Ri (TeV)~^, although other choices of scales have proved useful in addressing e.g. 
the flavour problem [17]. 



2.1. Kaluza-Klein expansions 

We start by collecting the main results for the Kaluza-Klein (KK) wavefunctions 
associated with spin-2 [3], spin-1 [5, 6] and spin-1/2 [7] fields propagating on the 
background of Eq. (1) (for a unified derivation, see [8]). The KK wavefunctions are 
especially useful in studying the collider phenomenology of warped extra dimensions, to 
be discussed in the second part of this review. 



2.1.1. Gauge Bosons The 5D gauge action is 

'S'gauge = — j d^X\/gFMN^°'^^ + '^'^uge + "^gauge ' (2) 

where M, A?" = 0, 1, 2, 3, 2; run over the 5D coordinates, is the 5D gauge coupling (with 
mass dimension —1/2), is the gauge field strength, a is a gauge index, and S^uge, 
'S'gauge contain possible brane-locahzed terms for the gauge fields, to be specified shortly. 
If the gauge field does not satisfy Dirichlct boundary conditions at both branes (see 
below) we can go to the unitary gauge, — Q ^/m. which the KK decomposition reads 

A,{x,z)^Y.^l{x)Uz). (3) 

n 

The KK wavefunctions satisfy 0{mn, z)fn{z) = 0, where m„ are the gauge KK masses 
and the differential operator in the coordinates of Eq. (1) is 

0{p,z) = dM^)d, + a{z)p^ . (4) 

The solutions are written in terms of Bessel functions of the first and second kind, Ja{x) 
and Ya{x), for which we shall use the shorthand notation 

Ja^'"" = Ja{m„Lo), JairUnLi), Ja{mnZ) , (5) 

and similarly for y^'-*^'^. Then 

Uz) = A,,a{z)-'[Jl + BrXn , (6) 

I Another commonly used form for the AdS metric is ds"^ = e~^''yrii_i„dx^dx'^ — dy"^, where k ~ 1/io 
is the AdS curvature. The formulas in conformal coordinates can be transcribed into the "proper 
distance" coordinates by setting z/Lq ~ e*^^, dy = a{z)~^dz and dy = a{z)dz. 

§ Other gauge choices can also be useful [18]. A gauge independent expansion can be obtained by 
choosing the KK modes of equal to dzfu/mn- 
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where the overall constants An are determined by the orthonormality condition 

dza{z)fn{z)fm{z) = L 6mn , (7) 



/ 

Jl, 



iLo 

and we defined the volume factor 

L= ['^'dza{z)^Lo\og^ . (8) 

The boundary conditions (b.c.'s) take the form 

[Lod,-aiz)b^y]fn{z) =0, (9) 

z=Lo 

[Lod, + a{z)bm]fn{z) ^ =0, (10) 

where the bi depend on the brane localized terms. For instance, in the presence of 
localized kinetic terms with coefficients and localized mass terms mf. 

b\jY,iR = Oo.i ^uv,iR rhl - muv.m , (11) 

where qq = a{Lo), ai = a{Li), and we defined dimensionless quantities m„ = ?7i„Lo, 
n = T^i/Lo and rhi = rUiLo for i = UV, IR (the natural scale of the dimensionful 
microscopic parameters is expected to be of order Lq). The b.c. on the IR brane 
determines Bn = — Jj^/Y"/^, where 

JUV'^ = rfinJ'^'-i ± ao,x&uv,iR , (12) 
and an analogous definition for y^v,iR r^^ie b.c. on the UV brane then leads to the 
eigenvalue equation 

Jm^" - Y^Jf = , with a = 1 , (13) 

which determines the KK masses, m„. 

The case with rhuv = = leads to a zero mass eigenvalue, mo = 0, 

corresponding to an unbroken 4D gauge symmetry. In the SM electroweak sector, an IR 
localized Higgs field leads to miR ^ and non-zero Z and masses. The Higgsless 
limit [19] corresponds to mjR — > oo. A case of interest in the models with custodial 
symmetry to be introduced in Section 3.1 corresponds to Dirichlet boundary conditions 
on the UV brane, and can be obtained by taking rhuv oo. In the following, for 
simplicity we will assume that the localized kinetic terms are sufficiently small to be 
neglected. However, it should be remarked that when fiR > 1 these can have important 
phenomenological consequences [20, 21]. If both b.c.'s are Dirichlet, muv,iR — > oo, a zero 
mode for remains in the spectrum [22]-[25]. This can have interesting consequences 
for EWSB [26, 27]. 

2.1.2. Fermions The fermion action is 

-^fermion = / d' X 1^^'^ D - ^ (L'M*)^r°e^r^* - M^*| 

I c-UV I oIR /i^N 
~ "-^fermion ~ "-^fermion ' V / 

where = (7^, —275) are the flat space Dirac gamma matrices in 5D space, Dm is the 
covariant derivative with respect to the gauge symmetry as well as general coordinate 
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and local Lorentz transformations ||, and 'S'^^ion; 'S'temion contain possible fermion 
localized terms. It is convenient to express the 5D mass term in units of 1/Lq thus 
defining a dimensionless parameter c = MLq. The KK decomposition for each 4D 
chirality of the 5D fermion reads {'Jfj'^ l,r = =F^l,r) 

'^LA^,z)^^rL,Ri^)f2,Ri^) , (15) 
n 

where fKz) and f^iz) are related by Ocfl = "n^n/jj, with 

Oe = a, - (2 - c) , (16) 

and m„ are the fermion KK masses. The LH profile, f2{z), obeys the second order 
differential equation O-cOc/l — —fn^fi^. Explicitly, the solution for the LH modes 
reads 

where the overall constants A^^ are determined by the normalization condition Eq. (7) 
with Uz) ^ L'/'aizf/'f2iz). 

The b.c.'s for both chiralities arc not independent but related by the equations of 
motion. 4D chirality can be generated at the level of zero modes by a choice of b.c.'s that 
forbid a zero mode for one of the two chiralities. For instance, a LH zero mode is obtained 
by choosing b.c.'s for f2{z) as in Eqs. (9) and (10) with 6uv,ir ~^ =t(2 — c) + ^uvjr, and 
b{ as in Eq. (11) but with rhi — and rj denoting the coefficients of possible fermion 
brane kinetic terms. Neglecting brane kinetic terms, the corresponding LH zero mode 
wave function is 



f ^ , (18) 



^Lo[(Li/Lo)(i-2c)-l] VLo 

which corresponds to a chiral fermion exponentially locahzed towards the UV (IR) 
brane for c > 1/2 (c < 1/2), while the physical proffie is flat for c = 1/2. The remaining 
constants for the massive LH modes in Eq. (17) are given by — — -^c+i/2/^c+i/2> 
where Jc+1/2 ^c+i/2 defined in Eq. (12), taking bi — b{ . The proffies for the 
associated RH chirahties, f^iz), are simply obtained from Eq. (17) by the replacement 
c+1/2 — >■ c— 1/2 [but with exactly the same constants A{ and that appear in 
/£(^)]. The fermion KK masses are determined by Eq. (13) with a = c + 1/2. 

If instead the zero mode is right-handed, the corresponding profiles arc obtained 
with the replacement c — >■ — c everywhere in Eqs. (17) and (18) (and exchanging the LH 
fields by the RH ones). 



2.1.3. Gravitons KK excitations of the graviton (spin-2 resonances) may give a striking 
signature of the extra-dimensional structure. We summarize briefly the relevant results 
for the graviton KK wavef unctions. The tensor fluctuations hfj_i, are introduced by 

II For a diagonal metric of the form ds'^ = a{z)^rii^^dx^dx'^ +b{z)^dz'^ the spin connection in Dm cancels 
out in the fermion action, Eq. (14). 
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making ri^^, —>■ r]^y + hf^^{x,z) in Eq. (1). Starting from the Einstein- Hilbert action, 
linearizing in h^,^, and choosing the transverse-traceless gauge, d^h^i, — h"^ — 0, the KK 
expansion reads 

V(^,^)= E^M.(^)/nW , (19) 

n 

where [a{z)~^dza^{z)dz + m^] fniz) = 0, so that [see the definitions of Eq. (5)] 

f^iz) = A^a{z)-'[j^ + B^Y,^] . (20) 

The normahzation constants are obtained from Eq. (7) with fn{z) a{z)f^{z). 
Locahzed curvature ("kinetic") terms [28] can be introduced through the functions of 
Eq. (12), as was done for gauge and fermion fields, so that — — Jg^/l^^^- The 
graviton KK masses are determined by Eq. (13) with a — 2. 

2.2. 5D Propagators: the gauge field case 

Let us consider the Green's function of the quadratic operator for a gauge boson. We 
add to the action (2) a gauge fixing term [18] 

^9.f. = - ^«(^) {d,A^ - e«(^)"'5. H^)My , (21) 

where ^ is the gauge fixing parameter. Working in mixed position/momentum space [29], 
the propagator takes the form 

-iP,{z, z')V,. - iP^iz, z'f-^ , (22) 

where V'^^ — rj^" — p^p^/p'^ is the transverse projector, and Pp{z,z') satisfies 

0{p,z)Pj,{z,z')=6{z-z') , (23) 

with 0{p,z) given by Eq. (4). Pp{z,z') satisfies the same boundary conditions as the 
gauge field wavefunctions fn{z), Eqs. (9) and (10); for the inclusion of brane localized 
terms, see [21]. On the IR brane, we take mm = m in Eq. (11). For the UV b.c. we 
will choose simple Neumann or Dirichlet (i.e. 6uv = or buy — > oo), which imply, 
respectively, an unbroken or spontaneously broken gauge symmetry at the UV brane: 

9,Pf(^,^') =0 P,^(z,z') =0. (24) 

The two solutions can be written in terms of two functions, denoted K^{p,z) and 
S{p,z) [30], that satisfy the homogeneous differential equation 

0{p, z)KUp, z) = 0{p, z)S{p, z)=0, (25) 
and boundary conditions 

K^p, Lo) = 1 , LoK'Jp, Li) + a,bmKm{p, L^) = , (26) 

S{p,Lo) =0, S'{p,Lo) = l, (27) 
where a prime denotes derivative with respect to z. The Green's functions read 

p.^^^ ^ KUp^z^jKUp,Z:.) _ g^^^ ^^^^^^^^ ^28) 

P^^'iz, z') = - Sip, z^)KUp, ^>) , (29) 
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where z< and ^> are the minimum and maximum of z and z', respectively. The exphcit 
solutions for Kj^ and S are given in Eqs. (A.l) and (A. 4) of the appendix. The full 
propagators read 

where we used the notation for the Bessel functions of Eqs. (5) and (12) with m„ — > p, 
and buy = for Pp {z, z') while 6uv ^ oo for P^{z, z'). 

Wc have split the Neumann propagator in Eq. (28) in two pieces, one that vanishes 
at the UV brane and exactly coincides with the Dirichlet propagator, Eq. (29), and 
another that is the product of the holographic functions times the boundary field two 
point function, to be introduced in Section 3.2. Alternatively, we can separate it into 
the contribution from the massless zero mode (before EWSB) and that of the massive 
modes 

P,{z,z')^Pi'\z,z') + P,(z,z'), (31) 
where the Green's function for the zero mode reads 

and, for simplicity, we set ruv — rm — (see [20, 21, 31] for a thorough discussion of the 
phenomenological consequences of localized gauge kinetic terms). Propagator methods 
are also useful for resumming the effects of the fermion KK tower (see e.g. [32]). 

2.3. Holographic method 

Let us consider a bulk gauge boson Am with the following action 

W = / (04^^x/^{-i^(^Miv)^ + ^y\z){AMr^ , (33) 

where we allow for a bulk Higgs vev profile, v(^), with mass dimension 3/2. ^ Wc will 
go to a gauge with = and assume that the gauge boson obeys Neumann b.c.'s on 
the UV brane. We write the 5D field as follows 

A^{p,z)^ fA{p,z)A^{p) , (34) 

with /a(p, Lq) = 1 so that A^(p) is the boundary value of the gauge field. The IR 
boundary condition is the same as for the 5D field. We assume the boundary field 
satisfies the equation of motion of a four-dimensional gauge field, which implies the 
following equation for the holographic profile 

OAfA{p,z)^0, (35) 

where Oa — 0{p,z) — a(z)^g'5^v^(2;) with 0{p,z) as defined in Eq. (4). The effective 
action for the boundary field can be obtained at tree level and to quadratic order in the 

% For EWSB localized on the IR brane, v^(z) = ^[v/a{Li)Ya{z)~^5{z — Li), which gives m = 
^g|^[w/a(Li)]^ in Eqs. (25)-(27). We introduce the factors of 1/2 and l/a(Li) to match to the 
SU{2) X U{1)y theory with v ~ 174 GeV. 
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fields by inserting the equations of motion back in the action and integrating over the 
extra dimension. The bulk action vanishes due to the equations of motion and the only 
remaining term is a boundary piece that reads 

1 f d^p 



'bound. — 



-A^UaA^ , (36) 



(2vr) 

with the vacuum polarization function for the boundary field given by 

1 



IlA(p')^—djA(p',z)^_^ . (37) 



_ J_a f (J2 

1 

Fcrmions can be treated in a similar way. The action for a bulk fermion is as in 
Eq. (14) but with an additional UV localized term [33] 

'^'S'uv = J^^d'^x^ (±^) , (38) 

where gi^d is the induced metric, and the factor of +1/2 (—1/2) is determined by the 
requirement that the LH (RH) chirahty be unconstrained on the UV brane. We assume 
the LH component satisfies Neumann b.c.'s on the UV brane and adopt a LH source 
description 

*l,r(p, z) = hAP, z)^lAp) , (39) 
where '^l,r{p) = p4'r,l{p) and /l^r satisfy the equations 

0_, OJl = -p'h , 0,h = PfR , (40) 

where Oc is given in Eq. (16). The boundary conditions on the IR brane are as for the 
5D field, while on the UV brane we impose 

/i(p,Lo) = l. (41) 

The boundary action for ■0^ is computed by replacing the classical equations of motion 
and integrating over the extra dimension. Again, at the quadratic level there is no bulk 
contribution and the boundary contribution, Eq. (38), simply reads 

/d.'^p - 
-^—^iljLp^{p)i)L , (42) 

where the kinetic function for the boundary field is 

E(p) = i^^^ , (43) 

where we have used ^k(Pi -^o) = fnip, Lo){^/p)ipL- Canonical normalization is obtained 
by the field redefinition ipL = \/^{p) ^l- In the limit of zero momentum we get 

V'-L V^l//l(-^o)i where fi{z) is the fermion zero-mode wavefunction, Eq. (18), and 
ipL has 4D mass dimension, [iPl] = 3/2. 

The explicit solutions for the gauge and fermion holographic profiles, fA{p,z) and 
fhip-iz), are given in Eqs. (A.l) and (A. 6) of the appendix, respectively. 
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2.4- Relation between the methods 

The three methods we have reviewed in the previous sections are related to each other. 
The 5D propagator can be written in terms of the KK expansion as 

n P '"'n 

Similarly, the boundary kinetic function in the holographic method is given by the 
inverse of the (Neumann) boundary to boundary propagator 

djA{p, Lo) = I = K'^{p, Lo) , (45) 

where in the second equality we used Eq. (28) for the case that the EWSB mass m is 
IR brane localized, together with the b.c.'s (26) and (27). The holographic profile itself, 
fA{p,z), is given by the amputated bulk to boundary propagator, where amputation 
means dividing by the boundary to boundary propagator 

fA{p,z) = ^^l^ = K^{p,z). (46) 

In particular, both the holographic functions and the 5D propagator contain information 
on the whole spectrum, which can be extracted by evaluating the residue of the 
corresponding functions on-shell (they have poles at the corresponding masses of the 
physical particles). Eq. (44) shows that the 5D propagators resum the contribution 
of the whole tower of KK modes and are therefore rather efficient when computing 
indirect effects of the massive modes. The holographic method also resums the effect 
of the whole tower, although it does so in a different basis which can be very useful in 
certain situations as we will review below. 



3. Low-energy effective Lagrangian 

3.1. Integrating out gauge boson KK modes with 5D propagators 

We start our discussion of electroweak tests of models with warped extra dimensions 
by introducing the prototype of realistic model [15, 16] and computing its low energy 
effective Lagrangian. In the following sections we show how to use different techniques 
to obtain the same effective Lagrangian and study the constraints on the model from 
electroweak precision data. The model has a bulk SU{2)l x SU{2)r x U{1)x gauge 
symmetry, broken by boundary conditions to the SM gauge symmetry SU{2)l x U{1)y 
on the UV brane. Separating the gauge fields into zero modes and massive modes, the 
full covariant derivative can be written as 



g.LLin + q.rRIt'^ + g'.YB, + g^z'Qz'Z'J\ , (47) 

where represents the SM covariant derivative (in 4D momentum space) and we use 
tildes to denote the massive KK components of the 5D fields. Here a = 1, 2, 3, 6 = 1, 2, 
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and i?^ are the gauge fields corresponding to SU{2)l and SU{2)ji, respectively, and 
we have defined the hypercharge and Z' gauge bosons as 

^t^ = / ^ ^ ' = / ^ ^ ■ (48) 

ygER + gix ygER + gix 

We have denoted with g^^, g^ji and g^x the five-dimensional gauge couplings of the 
three bulk gauge groups. The corresponding couplings of the hypercharge and Z' read 

/ gbRgbx r~2 \ ~ 

g^ = / , > f5Z' = v^5ii + gix , (49) 

\/giR + gix 

with charges 

g5R + g^x 

so that the electric charge is Q = T| + T| + Qx ■ 

Our goal in this section is to compute the low energy effective Lagrangian for this 
model. We will do so at tree level, assuming there is a light Higgs in the spectrum. The 
effective Lagrangian can be obtained at tree level by solving the equations of motion 
of the heavy particles and replacing the solutions back in the Lagrangian. The 5D 
Lagrangian, omitting tensor indices, can be written as 

U„„^„ l^.„:x. l^„:x 1 

'5 — ^SM 



= - -L^OL" - -R^OR^ - -BOB - -Z'OZ' 



2 2 2 2 

+ g.Lr'^L^ + g'.rs + g,Rj''''R' + g^z'J^' Z' + . . . , (51) 

where O = 0{p,z) was defined in Eq. (4), and the dots denote interaction terms with 
more than one heavy field which, in the case of gauge bosons, do not give contributions 
to the effective Lagrangian at leading order. We have defined the effective currents 

where is the wave function of the fcrmion zero modes as defined in Eq. (18), the 
Higgs wavefunction /° is normalized as in Eq. (7) with fn{z) L^^'^a{z)f^{z) and 
the fermionic currents are 

j;'^'''^^i,rTi,Ri^ , j^'' = ^rY^, 4^ = ^rQz'^, (54) 

while the Higgs currents are 

jaL,R ^ h^Tl^iD^h + h.c. , Jl^ = h'^YiD.h + h.c. , J^l = h'^Qz'iD.h + h.c. (55) 

We can now integrate out the heavy fields by replacing back in the Lagrangian 
the solution of the classical equations of motion, which can be written in terms of the 
Green's function of the corresponding differential operator [see Eqs. (28)- (32)] as 

L'^iz) = g,L ^dz' P^{z, z')>^ , B{z) = g', f^'dz' P^{z, z')^ , (56) 

J Lq J La 



+ For instance, in models of Gauge-Higgs unification one has /^(-z) = \/ 2 / [Lq{L\ / L'q — 1)] a{z) ^. For 
an IR brane locafized Higgs: a^{z)[fh{z)Y = 5{z — Li). 
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for the fields that are unbroken on the UV brane, and 

R'iz) = g,n rdz'P^{z,z')j'^ , Z\z) = g,z' dz' P^^ {z, z')J^' , (57) 

J La J Lq 

for those that vanish on the UV branc. The Neumann (with the zero mode subtracted) 
or Dirichlet propagator takes care of the corresponding boundary conditions on the UV 
brane. Also, the propagators are computed in the EW preserving vacuum [e.g., for an 
IR localized Higgs, m = in Eq. (30)]. The resulting effective Lagrangian can be put 
in the standard basis of [34] by using the equations of motion of the SM fields. It reads 

where '4>l stands for any of the SM LH doublets, for any of the SM fermion fields, 
the gauge fields in C^m ai'e assumed to be canonically normalized, and the different 
operators are defined as follows {Owb is not induced at tree level in this basis): 

• Oblique operators 

Oh = Ih^'D^hl' . Owb = {h^<j''h)W^,B^'' . (59) 

• Two-fermion operators 

Oi^ = \{h^D,h){i,Yi') + h.c. , Oi^^ = i(Ma«D^/i)(^^7''a>^) + h.c. (60) 

• Four-fermion operators 

c;^' = rr^ii^Yi^Mi.i^') , o^^^, = — i — (^l7'^<t»^l)(v;17m'^"^l) -(ei) 

The coefficients ccj, which encode the dependence on the model parameters, read 

(62) 

(63) 



Ol-h 






9l oN 








91 N 
4 '^l^'l ' 







'' P?, (64) 

(65) 

[gimi^) - ryA[9iTim - ry^'] . d 

9r-9^ 

where gl r = 91l rI ^ g'"^ = g'^^/L, with L the volume factor (8), while and T^{ip) 
are the hypercharge and third component of SU{2)r isospin for the field ip, respectively 
(for the SM fermions, Yq = 1/6, K = 2/3, Yd = -1/3, = -1/2, Ye = -1). The 
parameters a'^'^, are defined as 

a^'^ = L dzdz'a^(z)[/0(z)]2pj^'^(z,z')a3(^)[A°(^)]^ , (67) 

J Lo 

P!'"" - L t dzdz'a\z)[fl{z)fP^^''{z,z')a\zM{z)f , (68) 

J Lo 

l^;:;^ =L f'' dzdz'a\z)[fl{z)fP^^^{z,z')a\z)[f^^^^^^^ . (69) 

J Lo 
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Since we are interested in the contribution of dimension-6 operators, we can evaluate 
the 5D propagators at zero momentum, 



(l + 21ogg)+4 (l + 21og 



log 



4^0 log 



(70) 



(71) 



Note that, although we have put a tilde on the Dirichlet propagator, there is no zero 
mode subtraction in that case. 

The above results provide the dimension-6 effective Lagrangian for general models 
in warped extra dimensions with custodial symmetry and a light Higgs, after integration 
of the gauge boson heavy modes. * Simple limits can be easily obtained from this general 
Lagrangian. For instance, if wc consider that the bulk symmetry is just the SM one, we 
obtain, by setting to zero the Dirichlet coefficients, the following effective Lagrangian 

^2 



eff 



i-SM + 



N jaL /I jaL , n nN jaL /j jaL , \^ N jaL jaL 

ip V'l'/'' 

jY jY j_ nN jY jY j_\^^,N jY fJ. jY 



+ 



(72) 



Note that the Dirichlet terms involving fermions vanish in the limit of UV localized 



fermions. Thus, the above Lagrangian, with the replacement a 



N 



a 



N 



— a^, is also 



the effective Lagrangian of models with custodial symmetry and UV localized fermions. 

In the case that the Higgs field is localized on the IR brane, {z)[fh{z)]'^ — 5{z—Li), 
these coefficients are explicitly given by 

Li 



a — 



-21og-i + 2 



7'2 



+ 92{c^) f 1 - 2 log ^] - 2^2 (cv,) 

§77 ^ -^0/ 



(73) 



(74) 



log Lo 

where is the bulk mass parameter for the fcrmion ijj and the auxiliary functions 
gn{c) and gn{c) are defined in Eqs. (A. 7) and (A. 8) of the appendix. Finally 7^ is a 
complicated function of and c^/. In the limit c — > 00 (UV localized fermions) it 
simplifies to 



^ ^ 41og|^ 

Also, for future reference, when the Higgs is localized on the IR brane 



a 



(75) 



(76) 



* The integration of fermion heavy modes can be performed trivially from the general results in [35], 
see for instance [36]. 
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3.1.1. Universal case An assumption that significantly simplifies the analysis of 
EWPT is that of universal new physics [37]. Models of universal new physics are those 
for which a combination of gauge bosons exists (so called interpolating fields) IV", with 
a = 1,2,3, and B such that the only couplings of fermions (excluding Yukawa couplings) 
are of the form 

J^on. = KJf"^ ^ + B,jJ' + ... , (77) 

where the dots denote kinetic and Yukawa terms for the fermions. In particular, the 
interpolating fields W"" and B are not canonically normalized. The SM fermionic 
currents are defined by [see Eq. (54)] 

jaL.^j^jaL,^ jj . ^ J- jY . _ (78) 

In this case, all relevant contributions to EWPT can be encoded in the vacuum 
polarizations of the interpolating fields (oblique corrections). Assuming unbroken QED, 
the quadratic Lagrangian for the interpolating fields, together with the gauge-fermion 
interacions, can be written as 

1, 
2 



'Oblique 



1 



+ -B^IiBB{p')B, + n3B(r)S. 



Univ. 

fermions ' 



(79) 



where V'^'^ is the transverse projector and we have defined = {W^ =F iW^) / 

In the case that the coefficients = (3 and 7,^^, = 7 in Eq. (72) are independent 
of the fermion type, ip, the effective Lagrangian takes the form 



-^eflf — ^SM + ^ 



jaL n jaL , o n ja±j /* jaL , „, ja±j n jaL 



aL IX jaL 



jaL n jaL 



Yli tY 



+ 



(80) 



This effective Lagrangian is not in oblique form, since it includes corrections to 
the fermion gauge couplings and four-fermion interactions, proportional to /3 and 7, 
respectively. The corrections are however universal and can be written purely in terms 
of oblique corrections. This can be done in two equivalent ways, either by using the 
classical equations of motion of the SM fields as determined by Csm or by doing field 
redefinitions that eliminate the corrections involving fermions. The latter approach 
consists of performing a shift of the gauge fields, proportional to the fermion currents 
that eliminates the four-fermion terms, followed by a gauge field rescaling that puts the 
fermion-gauge interactions in the form of Eq. (77). Replacing a Higgs vev (h) — {0,v) 
in the Higgs currents (55), the field redefinitions are, to first order in a, (5 and 7: 



9 

B =Ib 
9' 



9 . jaL , xa3 



2 ' ^ 



1 

I'' 



B 



99'v\ _ 
2 2 



- 17 + -w' 

2 ^ 9 



99 V 



-/5 - lllt^ 



(81) 
(82) 
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where the vacuum polarization functions in the SM limit are defined by 



aa f 



n^^ - n 



2 9"v' 



n 



3B - 



(83) 



These field redefinitions lead to an oblique form for the effective Lagrangian written 
in terms of the interpolating fields W"',B, as in Eq. (79), with the following vacuum 
polarization functions 



nff(i-^V/3-7nr)- 



SM\ 



-g'^tlBB 



1 - + ^^a) top] + (l - + ^I^W^^V + . . . , (84) 

f + r)a + Uil\9gv'P-^Ul^) 



n£^(i-rV/?-7n|^; 

1 - I ^ + 1 j + 1^1 - ^^OP j p2 ^ ^ _ _ _ ^ (85) 



/2 



3B 



n 



5Af 
3B 



l-^{f + g'^)p-lUs3BB 



+ 



gg'v^ 



"^{f + §''') a + PUs3BB 



gg'v^ 



1 - 



+ 1 



+ ^^Op^2^ 



(86) 



where IIssbb = Hf^^ + Ilf^, and in the second equality of each definition we expanded 
for small and wrote the result in terms of 



-g'\^ 



-a + 2/?-7) , ^°P^5V(/?-7) , 



V|/Op 



-7 



(87) 



2 ^ ' ' . - V- , 2 

which will be identified in Section 4 as the oblique parameters of [37]. Recall that 
these same vacuum polarization functions represent also the effective Lagrangian of a 
custodially symmetric model with fermions localized on the UV brane if we make the 
replacement a — a^. 



3.2. Holographic method 

In this section we rederive the effective Lagrangian of the model with custodial symmetry 
using the holographic method (for further discussions of holography, see the review 
in [38]). We consider first the case of UV localized fermions, which is the situation 
in which the holographic method is the most efficient, as it produces with minimal 
effort the effective Lagrangian in obhque form. In Subsection 3.2.1 we discuss how the 
formalism changes when fermions are allowed to propagate in the bulk. 

In the presence of a bulk EWSB vev, y{z), the gauge part of the action reads 
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= - ^/ ^,dz^{A-UA{p')A'^ + V'^Uvip')V'^ + XUx{p')x} , (88) 

where g'^^ = dlh + Q^ri ^^'^ second equality we defined the axial and vector 

combinations 

Aa ja r>a ira 95R ja , 9bL pa (QOi\ 

95L 95R 

Hol 

In the last line we used the holographic method (indicated by the = symbol) to obtain 
the effective action for the fields evaluated on the UV brane: 

1" = A%z = Lo) , = V%z = Lo) , X = X{z = Lq) . (90) 

The corresponding vacuum polarizations read 

1 1 

^Ay = —dzfA,v{p'^, z = Lo) , Ux ^ — <9^/x(p^ z = Lq) , (91) 
95Z 9bX 

where /y and fx satisfy Eq. (35) with mass terms M\ = s^f^v^, My = and Mx = 0, 

respectively. By assumption, the fermionic action is already localized on the UV brane. 

In particular, the coupling between the fermions and gauge bosons is universal, as in 

Eq. (77), with interpolating fields that are the 5D SM gauge boson fields evaluated at 

the UV brane. Replacing the boundary values of the axial, vector and X fields in terms 

of the SM ones ft 

A" = iy£ - 5'^^^ , v<^ ^^wi + S^^—B , X = B, (92) 

gL gR 

we obtain an effective Lagrangian in the oblique form (79), with vacuum polarizations 

n„„ = + 4^ny , (93) 
9iL 

Abb = + ^liv + Tlx , (94) 

9^R 

%B = - + Hy . (95) 

Assuming that ^{z^ = (i'^/2)[/°(z)]^, where the Higgs profile fh{.z) is normalized as 
specified after Eq. (53), one can check that these vacuum polarization functions agree 
with the ones obtained using 5D propagators, Eqs. (84)- (86), up to a redefinition of 
the vev, f^[l — \{91l + fl'5_R)('^/'^(-^i))^-^o]; when expanded to the same order in 

f ^ and with the replacement a — > — to take into account the modifications due 
to the custodial symmetry. Note also that in the holographic formalism the custodial 
symmetry is explicit from Eq. (93), i.e. a symmetry between the charged and neutral 
W's. 

)i Note the difference with respect to Eqs. (47) and (48) due to the non-canonical normalization of the 
fields in this section. 
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3.2.1. Holography with bulk fermions As we showed in the previous section, the 
holographic method is particularly suitable to compute the effective Lagrangian in the 
case of UV boundary localized fermions. The holographic method can still be used when 
the fermions propagate in the bulk although obtaining the effective Lagrangian requires 
more work. In this section we discuss the new steps one has to perform in the simple 
case of the SM bulk gauge symmetry, which can be obtained from our custodial model 
by setting i?^ = 0, — Xm — Bm, and identifying the U{1)y gauge coupling, g'^, as 
in Eq. (49) . The gauge part of the Lagrangian then reads 

r d^p fx 1 r ] 

'S'gauge = j (2^^^"^ [4^'-^^'^''^ ~ [(^MAt)^ + {VmnY 

I i^'^ ^"^^^ + ^'^"^^^ + V.^vV'^} , (96) 



Hoi _ 1 f dy 

2 J (27r) 



where 



Ilw,A,v^Tl{9y,9lzy\Q) , (97) 
and we indicate inside the parenthesis the masses to be used in Eqs. (35) and (37). Now 
we have g'^^ = 5^5+ 9'i the following relation between the axial and vector fields, 
and the SM neutral ones: 

Am^WI,-Bm, Vm^-W!, + ^Bm , (98) 

95 95 

so that the vacuum polarization functions for the SM boundary fields read 

n+_ = n^^ , = -n^ + , (99) 

= + , Ubb = + . (100) 

95 95 

As in the previous section, these would be the vacuum polarization functions for the 
interpolating fields for UV localized fcrmion fields. When the fermion fields live in the 
bulk, however, these terms do not give the full contribution to the boundary effective 
Lagrangian. Indeed there are both vertex and four-fermion interaction corrections as 
shown in Fig. 1. The left panel in the figure represents the vertex corrections. The 
contribution to the effective Lagrangian is obtained by matching the corresponding 
amputated three point function in the full and effective theories. The diagram in the full 
theory requires bulk to boundary propagators for the gauge boson and fermions, and 
amputation means that the external legs are divided by the corresponding boundary 
to boundary propagators [= gl/ K'^^ij? , Lq) for the case of an IR brane localized 
EWSB mass m, with g^ and m the parameters of the corresponding gauge boson; see 
Eqs. (35), (37) and (45)]. Assuming fermion localization universahty,tt the resulting 

ft Eqs. (96), (101) and (103) below are trivially generalized to the non-universal case by expressing the 
results in terms of the individual fermion currents of Eqs. (78), and using the corresponding fermion 
profiles in Eqs. (102) and (69). 
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uv IR UV IR 

Figure 1. Vertex and four-fermion interaction contributions to the boundary action. 
The four-fermion interaction, with points at z and z', is to be computed with the 
Dirichlet propagator, Eq. (29). 



extra contribution to the boundary action reads 

^Vertex = / ^ {gwW'J'}'' ^ + ^A.J^ + seCe gvYj^o] , (101) 

where ce = g->/g^z, se = gUg^z, Jz = cj-Jj^'' - and = jj^^ + jj'', with Jj^^ 

and jj'^ as defined in Eqs. (78) and (54), but with ip ^ ip representing the canonically 
normahzed boundary fermion fields (see end of Subsection 2.3). We also defined 

gwy,Aip') = r'dza\z)[fl{z)f fwyAv^z) , (102) 

JLo 

where fw,v,A are the gauge boson "holographic" profiles associated with Eq. (97). Since 
we are interested in the couplings of the fermion zero modes, we have evaluated the 
corresponding fermion profiles at = in (102) [neglecting the small fermion masses 
from EWSB], so that the zero-mode wavefunctions, Eq. (18), appear inside the integral, 
and there is dependence on a single momentum scale, associated with the gauge boson. 

Bulk fermions also imply that four-fermion interactions are generated in the 
boundary action, due to the diagram in the right panel of Fig. 1. Again the coefficient 
in the effective theory is obtained by matching the amputated four-point function in the 
full and effective theories. On the full theory side, we use the Neumann bulk to bulk 
propagator and integrate over both interaction points. On the effective theory side, we 
have to use the boundary to boundary propagator using the couplings we have computed 
in Eq. (102). This latter term exactly coincides with the K{z)K{z')/K'{Lo) part of full 
propagator, Eq. (28). The difference of the two therefore corresponds to computing the 
diagram on the right panel of Fig. 1 using the Dirichlet bulk to bulk propagator instead 
of the full one. The induced 4-fermion operators are 

^4-fermion = y 1^714^-'/^-'/ + ^ 1a ^ Z f,J Z + SeC0— 7v ^Qf^^Q j ' (103) 

where g'^^ "was defined after Eq. (97), L is the volume factor Eq. (8), and lw,Ay were 
defined in Eq. (69), with the Dirichlet propagator corresponding to W , A and V (i.e. 
gauge boson squared masses gl'v'^, giz^"^ and 0, respectively). If we are interested in the 
contribution to the effective Lagrangian up to operators of dimension 6, we can evaluate 
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the corresponding propagator at zero momentum and neglect EWSB effects, i.e. use 
Eq. (71). In that case, 7^ 



7^ 



7^ 



7^°'', and assuming universahty we have 



L? log 1^(3 -2c) {^y-{2c-lf( 


' J X 4c-2 






^ (2c2 -5c + 3) 


1 - (it) 


2 



(104) 



The effective Lagrangian given by Eqs. (96), (101) and (103) is not in the oblique 
form but can be rewritten in such a form due to the assumption of universality of fermion 
localization. The simplest way to proceed is to first shift the gauge fields as 



95 n jbL 



-—Ia-Jz 



V 



seceg^zn j 



2Lgw ^ 2LgA 2Lgv 

so as to eliminate the four-fermion interactions (to first order in the 7^ ), followed by a 
rescaling — >■ W'/gw, ^ — *■ ^/f a and V — >■ V/gy, with 



1 + 



9I 



W,A,V, 



(105) 



'2L-gf{p') 

where gf^ = gf for i = W, gf.^ = g^^ for i = A,V, cji are given in Eq. (102), and Ilj are 
given in Eq. (97), for i = W,A, V. Expressing the resulting Lagrangian in terms of W"" 
and B, as in Eq. (98) one finds that the fermion couplings to the new gauge bosons are 
universal as in (77), while the vacuum polarizations are 



1 

^2~ 

9w 



n 



w 



n 



1 



33 



1 9',' 



12-11^ + — 



— + ^2 — , 

9a 9v 95 
9 a 9 v 9? 



(106) 
(107) 



1 

9\ 9'v 

with IIvK.^.y as defined in Eq. (97). Recall that all these quantities depend on p^, 
including the ^j, even though we do not exphcitly indicate so. Expanding in the EWSB 
masses to the corresponding order in v^, one can check that these vacuum polarizations 
agree exactly with the ones obtained with the method of propagators. Notice, however, 
that the above formulas hold for arbitrary v. Also, in the limit of UV localized fcrmions, 
c +00, one has 7^°'- and gi 1, so that Eqs. (106)-(107) reduce to Eqs. (99) 
and (100). 



4. Electroweak Precision Tests 



Very precise data from low energy neutrino and electron scattering, LEPI and SLC 
data at the Z pole, LEPII above the Z pole and the Tevatron impose stringent 

constraints on any physics beyond the SM [39], commonly called electroweak precision 
tests (EWPT). These constraints can be computed on each model of new physics by 
carefully considering the contribution to all the (pseudo)observables that constitute the 
EWPT. Under the assumption of linearly realized EWSB with a light Higgs and a large 
enough mass gap with the new physics, one can use the SM effective Lagrangian up 
to dimension 6 of reference [34] to easily constrain large classes of new models. Not 
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all dimension 6 operators are relevant for EWPT. In general, operators that violate 
CP or flavour symmetries (except for the third family), operators that only involve 
quarks or gluons and operators that just renormalize the SM operators {i.e. terms of 
the form h^hO^^, with a dimension 4 operator that is already present in the SM 
Lagrangian) are irrelevant for EWPT. The relevant ones were classified in Ref. [40] (see 
also [41]) and their effects on the EWPT computed ([40] gives the as a function of 
the SM input parameters and the coefficients of the relevant dimension-6 operators). 
Using the results in Ref. [40] and our calculation of the effective Lagrangian for a 
general model with custodial symmetry, Eqs. (58) and (62)-(71), one can obtain the 
constraints in any model of warped extra dimensions with a light Higgs. However, 
the prototype of realistic warped model, with light fermions localized close to the UV 
brane, corresponds to universal new physics (except for the third generation) and the 
corresponding computation of EWPT can be more simply done following [37]. 



4.1. Tree-level effects 

As we discussed in Section 3.1.1, EW precision constraints can be easily implemented 
in models of universal new physics [37]. In this case, the relevant Lagrangian is given 
by Eqs. (77) and (79). If we further assume there is a mass gap with the new physics 
that allows us to reliably expand the vacuum polarizations as 

n(p2) = n(o) + p2n'(o) + ^n"(o) + • • • , (los) 

where the prime denotes derivative with respect to (higher derivative terms give 
contributions of mass dimension larger than 6) , we can parametrize all relevant EWPT 
in terms of four oblique parameters: f 

^=l-fe^- ^ = ^"23(0), (109) 

S = /II'3^(0), Y = ^-^ti'Uo) . (110) 

Here g, g' and Mw are fixed by the conditions 

1 _ 1 _ A/f2 

-2 - n;,(o) , - = n'^^(o) , = n+_(o) , (in) 

which, to the order we are interested in, can be identified with the experimentally 
measured weak gauge couplings and the W mass. Some of these parameters are related 
to the Peskin-Takeuchi [43] parameters as aS — is'^S and aT — T, where a is the 
electromagnetic fine structure constant. 

If EWSB can be treated perturbatively, we can use the general results for the 
vacuum polarizations (84)- (86) to compute these oblique parameters. For arbitrary v one 
can use either (93)- (95) for custodially symmetric models with UV localized fermions, 

f The Z-po\e observables plus the W mass depend only on the three linear combinations introduced 
in [42, 21]. These are aT^s = f - [W + {s^y / cly)Y] , aS^s = As^^iS - W - Y) and aU^s = 
4sl^{U-W) [37]. 
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or (106)-(107) for models without custodial symmetry, but arbitrary (though universal) 
fermion localization. In the case that EWSB is a perturbation, the normalization 
conditions, Eq. (Ill) give 



-2 2 

9 ^9 



9 
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-2 2 
V — V 



1 _|_ E—J^Op 
^ 12 
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(112) 



where T^P and S'^p were defined in Eq. (87). It is then straightforward to check that 
f = T°P, S = S"-'P and W = Y = W^^. In the particular case that the fermions are 
UV localized, and in the absence of custodial symmetry, the oblique parameters are 
explicitly given by 



J 2 



Ti 



uv 



|,(mH.LOMog^ 



W, 



uv 



Yuv — 



{mwLif 
41ogf 

{mwLif 
41og|^ 



(113) 
(114) 



Note that for UV localized fermions T is volume enhanced, S is neither enhanced 
nor suppressed and W and Y are volume suppressed. Thus the most constrained 
experimentally is T, followed by while W and Y are very mildly constrained. In 
models with custodial symmetry and UV localized fermions, setting a — as 

discussed at the end of Subsection 3.2, one finds Tijy^' = 0, so that the most stringent 
and robust constraints arise from S. This is true only for UV locahzed fermion fields 
and is not maintained in general for bulk fermion fields. 

Light fermions localized on the UV brane are a good approximation in models with 
a natural realization of fiavour. However , the large mass of the top implies that neither 
of its chirality components can be too far from the IR brane, and in particular that 
hi cannot be UV localized. The resulting corrections to the bottom couplings can be 
computed with identical results using any of the methods we have discussed in Section 2. 
Here we will use our general result for the effective Lagrangian of models with custodial 
symmetry, Eq. (58). The part of the effective Lagrangian that we are interested in reads 

^eff 



9 



2c 



w 



2s 



-l + ^-2^^« + ay 



+ 



(115) 



Replacing the values of aj^'^ of Eqs. (63) and (64) we obtain for the correction of the 
Zhi,bL coupling 

^9bi^ _ '^v\aig + aig) 



9bL 



2s2,/3 

2[9in-9in]i3^+[glTl-9''Y]ii3^ 



1-25^3 ' ^ ' 

where the quantum numbers and refer to 6^, and we have explicitly subtracted the 
global effect that we are paremeterizing in terms of oblique corrections with the term 
/3uv (we are assuming UV locahzed hght fermions) . We have separated the correction in 
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two terms. The first term, proportional to (3^, corresponds to the couphng evaluated at 
zero momentum and, as was the case of T, is volume enhanced [see Eq. (73)]. The term 
proportional to {j3^ — j3^^ — j3^) is a correction that arises when the external gauge boson 
line is evaluated at = m|, and is neither (volume) enhanced nor suppressed [see (74) 
and (75)]. This separation is clear if one computes the coupling using the holographic 
method and the expansion in Eq. (A.9). The volume enhanced term exactly vanishes 
if we take either T| = = or T| = and ql — Qr- The vanishing of the couphng 
at zero momentum is guaranteed by a subgroup of the custodial symmetry, as first 
discussed in [16] (and apphes to any fermion satisfying = T| = or = T| and 
Ql — Qfl)- However, the on-shell coupling does not vanish, reading for Tf^ — T| and 
Ql = Qr, 



, - ,^./LTt--9''Y]{p' -P^-P^y). (117) 

Assuming a boundary Higgs, we obtain using Eqs. (73), (74) and (76), 

^ = -T77^^^7T^bi^|-^''>^][^?2(c.J-2^2(c,J] . (118) 
where gi{c) and ^2(c) are defined in Eqs. (A. 7) and (A. 8) of the appendix. 



1^.2. Loop effects 

So far we have concentrated on tree-level effects. Due to the summation over the 
KK towers, loop effects can generically be expected to be relevant. In generic 
theories such effects are UV sensitive and can only be estimated, e.g. based on 
NDA in higher dimensions [44]. However, in theories with custodial symmetry [15] 
(and custodial protection of some fermion couplings to the Z [16]) some of the EW 
(pseudo)observables, namely T and 5gi,^, are calculable, since the symmetries forbid 
the associated counterterms. Given that the corresponding tree-level contributions are 
small, it is pertinent to assess more carefully the importance of such loop effects. 

The one-loop contribution to the T-parameter due to the top KK tower was 
computed in certain scenarios in [45] (see also [46]). In particular, it was observed 
that when the fermions are assigned to representations [which involve bi-doublets under 
SU{2)l X SU{2)r] that protect the gbj^ coupling from large tree-level contributions, 
typically the contribution to T from the full tower associated with the top quark 
decreases with respect to the SM one (i.e. the massive KK tower gives a negative 
AT). This can be understood as a consequence of the quantum number assignments 
plus the boundary conditions necessary to preserve the custodial symmetry on the IR 
brane (and requiring also that the zero-mode sector be the SM one). Given that there 
is a sizable positive tree-level contribution to the S parameter, an EW fit based on 
the oblique parameters can put rather severe bounds on the scale of new physics in 
these scenarios. Interestingly, there are well-defined regions of parameter space where 
some of the top KK excitations become light and make AT positive, thus also allowing 
for lighter KK gauge excitations [45]. This can have important implications for the 



Part I General Tools and Electroweak Constraints 



24 



phenomenology of fermion KK modes as well as that of the KK gauge bosons, which 
can decay into the light KK fermions with significant branching fractions (as studied in 
the context of a Gauge-Higgs unification scenario in [47]). We should remark that the 
one-loop contribution to T due to gauge fields has not been computed, although it is 
expected to be smaller than the one from the top sector since the KK gluons are heavier 
and their couplings are controlled by the weak gauge couplings as opposed to the top 
Yukawa coupling. 

Also, the one-loop contributions to 6gbj^ were computed in [9]. These tend to 
be small, but not necessarily negligible. As we will see in the next section, such 
loop contributions can be important in relaxing the constraints from EW precision 
measurements on the scenarios we consider. 

4-3. Summary of EW constraints in models with custodial symmetry 

With the low-energy effective Lagrangian presented in the previous sections one can 
assess the indirect constraints from precision measurements on models with custodial 
symmetry in warped spaces, under the assumption that there exists a light Higgs degree 
of freedom. In the general case that the fermions propagate in the bulk, one should 
perform a global fit to the EW observables based on the dimension-6 Lagrangian of 
Eq. (58). Such an analysis was performed in [9]. It was found that, depending on the SM 
fermion SU{2)r quantum number assignments, the bounds from the EW constraints on 
the gauge boson masses are typically in the 2.5-3.5 TeV range (neglecting brane kinetic 
terms), although in certain models they could be as low as 1.5 TeV. 

Due to the r| charges in Eqs. (64) and (66), the low-energy effects of the heavy 
physics are in general not universal, even when all fermions share the same localization 
profiles. However, the RS interpretation of the fiavor structure as arising from "anarchy" 
of the Yukawa couplings (sec Section 5 below) requires that the light fermion families be 
localized close to the UV brane, in which case the low-energy corrections become of the 
universal type (the effects of the massive SU{2)r gauge bosons become exponentially 
suppressed and the c-dependence of Eqs. (68) and (69) disappears). It is then simpler to 
use the fits based on the oblique parameters, Eqs. (109) and (110). The dependence on 
the model parameters is given in Eq. (87). Furthermore, for UV localized fermions, W 
and Y are volume suppressed and can be neglected. However, in general the corrections 
to the ZbibL coupling, which at tree-level are given by Eq. (116), need to be taken into 
account. When = g^i and T| = the tree-level contributions to 5(?5^ are relatively 
small due to a custodial protection [16], but there can be non-negligible loop-level effects. 
Thus, a fit to S, T and 6gh^ is typically appropriate. 

Using the code of Ref. [40], we obtain the la (Ax^ = 1) intervals 

5= -0.03 ±0.09 , T = 0.03 ±0.09, ^ = (-0.4 ± 1.4) x lO'^ . (119) 

9bL 

Here we have used the combined CDF and D0 top mass measurement of March-2009 
(using up to 3.6 fb~^ of data per experiment): rrit — 173 ± 1.3 GeV/c^ [48], as 
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well as the combined CDF/D0 W mass measurement of Aug.-2008: M\y — 80.432 ± 
0.039 GeV/c^ [49]. We include the Z-pole observables, the low-energy measurements 
(except for NuTeV), and LEPII data. We also used a Higgs mass of ruh^^^ =117 GeV. 

In models without custodial protection the main constraint comes from T = T/a. 
Requiring T*''*'® < 0.21 (at 2a), assuming a light Higgs as in the fit of Eq. (119), and using 
Eq. (113), gives a strong lower bound of 1/Li ~ 4.4 TeV (hence gauge boson masses 
Mkk > 2.45/Li 11 TeV). Such a constraint can be somewhat relaxed for a heavier 
Higgs (and for sizable gauge and/or fermion brane kinetic terms [21]). The situation 
is dramatically improved in models with custodial protection, since T^^^ vanishes in 
this case (for UV localized fermions). A bound based on 5* < 0.15 (at 2a) alone 
resuhs in 1/Li ~ 1.5 TeV (Mkk > 3.7 TeV). However, falhng inside the 95% C.L. 
ellipsoid (A^^ = 7.81 for three parameters: S, T and Sgb,^) can allow for S ~ 0.23 (if 
T ~ 0.25 and 6gbj^/gbL ~ —0.8 x 10^^). In this case, and in the absence of additional 
contributions to S, one can have l/Li ~ 1.25 TeV (Mkk > 3 TeV). As mentioned in the 
previous subsection, loop level contributions to T and 6gbj^ can be relevant (and depend 
on additional model parameters, although typically AT''°°p and Sg^^°^ are correlated). 
Requiring that these additional contributions optimize the EW fit usually selects well- 
defined regions of parameter space (e.g. localization of the third family quarks, with 
important consequences for their KK spectrum which can include fermion states lighter 
than the gauge KK modes). 

In summary, we see that models with custodial protection and an implementation 
of the flavor structure through fermion localization can be consistent with gauge boson 
KK excitation of about 3 TeV. EW constraints place similar bounds on models of 
Gauge-Higgs Unification [27, 46], where an interesting connection between EWSB and 
EWPT arises, via the appearance of relatively light KK fermion states [50, 51]. We will 
take these scales as a guide to the study of the collider phenomenology, to be undertaken 
in the second part of this review. 

Some of the above bounds could be somewhat relaxed in the presence of moderate 
IR brane kinetic terms. Also, playing with the localization parameters of LH versus 
RH fermions it may be possible to lower the scale of new physics somewhat more [9]. 
Another possibility compatible with a lower scale of new physics is to consider a different 
background, e.g. soft-waU models (sec for instance [52]-[56]). 

Higgsless models [19], which have not been covered in this review due to lack of 
space, require a much lower scale that can be made compatible with EWPT at tree 
level by localizing the hght fermions close to c = 1/2 [57] for which all corrections 
become small, and imposing the custodial protection of the T parameter and the Zbb 
coupling [58] (for a review, see [59] or Section 3 of [60]). 

5. A few reiiicirks on flavour (constraints) 

As remarked in the introduction, the RS framework with bulk fields provides a theory 
of fiavor. The main idea [7] arises from the c-dependence of the fermion zero-mode 



wavefunctions (18): for c > 1/2, the profiles are localized near the UV brane and 
therefore the overlap with an IR localized Higgs field (so as to address the hierarchy 
problem) is exponentially suppressed. This allows one to easily generate hierarchical 
effective 4D Yukawa couplings, even if the microscopic 5D Yukawa couplings exhibit 
no special structure, an assumption usually called "anarchy" (in other scenarios, such 
as gauge-Higgs unification, the fermion-Higgs interactions depend on localized fermion 
mixing mass parameters to which the anarchy assumption can be applied). In warped 
spaces, with their associated z-dependence of the cutoff scale, (light) fermion localization 
near the UV brane also provides an effective cutoff on non-renormalizable flavour- 
violating operators that is sufficiently high to significantly suppress their effects, even 
with the new KK physics entering at a few TeV. 

The consequences of "anarchy" for flavour physics were considered originally in [10]- 
[14] and more recently in [61]-[69]. The largest effects arise at tree-level from flavour 
changing KK gluon couplings. Although most of the predictions are consistent with 
current flavour constraints for the scales determined by the EWPT -and often lead to 
interesting expectations for indirectly observing the new physics in the near future- 
there are some observables that can impose more severe bounds. Most notably CP 
violation in the kaon system can lead to a bound of 0(10) TeV on the KK scale [61]. 

Thus, a strict application of the anarchy assumption can result in a KK scale beyond 
the reach of the LHC This may suggest some non-trivial structure (for instance flavor 
symmetries), see e.g. [70]-[78], or perhaps that these models exhibit a moderate amount 
of fine-tuning (hopefully in the flavour sector, so that discovering the new physics at 
the LHC remains a possibility). Given the model dependence of such conclusions, we 
will take the more robust bounds from EW precision measurements as a starting point 
to summarize the LHC collider phenomenology of warped scenarios. 



Part II Collider Phenomenology of Warped Models 

Contributed by H. Davoudiasl and S. Gopalakrishna 

In our presentation of the collider phenomenology of warped models J, we will use 
a different notation from that of the preceding discussion. This is largely done to match 
the conventions used in several of the papers that arc cited in the following review. In 
our notation, k = I/Lq and the size of the extra dimension is denoted by ttTc- Also, 
note that, in most of what follows, the LHC center of mass energy ^/s = 14 TeV is 
assumed, unless otherwise specified. Obviously, given the parton distribution function 
(PDF) dependence of cross sections for production of TeV-scale KK modes, many of 
the conclusions presented below have to be revisited for smaller values of y^. 

I In what follows, we focus on KK signals of compactification. However, an embedding of the RS 
model in string theory (UV completion) could result in the appearance of additional signals; see for 
example Refs. [79, 80]. 
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6. KK Gravitons 

We begin our discussion of KK phenomenology with the graviton sector, since KK 
gravitons were the first tower of states whose colhder phenomenology was studied [3] 
and constitute a key and common signature of warped models. As noted previously, 
in the original RS model the entire SM content was assumed to be confined to the IR- 
brane. The most distinct signature of this setup was then the tower of graviton KK 
modes. These states would appear as a series of spin-2 resonances close to the weak 
scale, which sets the scale of their masses and couplings to the SM. Specifically, the KK 
graviton masses are given by 

= x^ke-'^^\ (120) 

where x„ = 3.83, 7.02, . . ., for n = 1, 2, . . ., are given by the roots of Ji Bessel function, 
to a very good approximation [3]; the zero mode, for n = 0, is the massless 4D graviton. 
The interactions of the graviton KK modes with the SM fields are given by 

1 -| oo 

^ = -jr^'''{^)h^Si^) - -l-T-'i^) E ^S(^) ' (121) 

with Mp ~ 10^*^ GeV the reduced Planck mass, T^/s the SM energy-momentum tensor, 
h^aai^) KK modes of the graviton, and = e~'^^'='^Mp [3]. 




Mg. (TeV) 

Figure 2. CDF limits (95% confidence level) [81] on the product of cross section 
and dimuon branching fraction, for the lightest KK graviton in the original RS model. 
Theoretical cross sections and expected limits from simulated experiments (SE) are 
also shown. 

The best direct limits on the original RS model are from the Tevatron experiments. 
We present recent limits from the CDF [81] and DO [82] experiments in Figs. 2 and 
3. The graviton KK phenomenology of the original RS model can be described by the 
KK mass and the ratio k/Mp. Calculations in this background are reliable as long as 
k/M^ is not 0{1) or larger (this is a classical argument that can be somewhat modified 
if we consider quantum effects [83]). For this reason, k/Mp < 1 is often considered in 
phenomenological and experimental studies, as seen for example in these figures. We see 
that the direct bounds on the mass of the lightest KK graviton range over 300-900 GeV 
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for 0.01 < k/Mp < 0.1. The LHC reach for the first graviton KK mode in this model 
has been calculated by ATLAS [84] and CMS [85] collaborations and is roughly 3.5 TeV 
with 100 fb~^ of integrated luminosity. 




200 300 400 500 600 700 800 900 
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Figure 3. DO bounds [82] on the lightest KK graviton mass, as a function of k/Mp, 
in the original RS model. 



Once we extend the RS setup to provide a model of flavor, the above conclusions 
regarding the graviton KK phenomenology at colliders change drastically. The current 
Tevatron bounds do not take these effects into account, however we generally expects 
the direct bounds to become much weaker. This is due to the fact that, in warped flavor 
models, KK graviton couplings to UV-localized light fermions get highly suppressed 
[86] roughly like their Yukawa couplings [83], and couplings to gauge fields (in units of 
l/Mp) [86] 

1 - Jo (x^) 



f~iAAG krcTT _ 

*-^nn^ — e 



"oon ~ ^ , , r\'i 17 / r-A I ' (-'-22) 

where Jo,2 denote Bessel functions, get volume (/crcvr) suppressed. Hence, as alluded 
to before, important production and decay channels become either inaccessible or else 
suppressed. Given that a TeV-scale graviton KK tower is the most generic prediction of 
the RS model, largely independent of various model building assumptions, it is worth 
reconsidering its phenomenology within warped flavor models. 

The reach of the LHC experiments for the lightest graviton KK mode was 
accordingly reexamined in Refs. [87] and [83]. With the light fermions basically 
decoupled, the dominant production channel at the LHC is through gluon fusion, which 
is suppressed by (fcrcvr)^^. As for the dominant decay channels, generically we expect 
the right-handed top tp and the Higgs sector, including the longitudinal gauge fields 
Zi and W^, to be the only important final states, due to their large overlap with the 
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graviton KK wavefunction §. With these assumptions, the partial widths of the first 
KK graviton into pairs of tn, the Higgs boson h, Zl, and are given, respectively by 
[87, 83] 

^ - r, - r^, - ^ - ggQ^ , (123) 

where A''^ = 3 is the number of colors in QCD , c = k/Mp (our barred notation for this 
parameter differs from that of Ref . [83] , to avoid confusion with the bulk fermion mass 
parameter c, discussed before), and final states have been treated as massless, which is 
a good approximation due to the much larger expected mass of the KK mode. Also, the 
decay widths to longitudinal polarizations have been estimated using the equivalence 
theorem [which is valid up to M^z/{''^?T corrections] to relate these widths to that of 
the physical Higgs. Here, we note that two-body decay into final states that include a 
KK mode and a heavy SM mode are either (i) volume suppressed, when the relevant zero 
mode has an approximately fiat profile, or (ii) kinematically forbidden (due to a large 
KK fermion mass), or else (iii) suppressed by a power of (H). If we assume that tp is 
highly IR-brane-localized (ii) applies to an otherwise potentially important Gi tptju. 

Given the above considerations, Ref. [87] focused on the tRtR final state to estimate 
the LHC reach for the hghtest KK graviton. One of the issues that affects the utility 
of this channel is the efficiency for top identification, made more challenging because 
of the coUimated decay products of highly boosted tops. We will discuss this issue in 
greater detail in later sections. The narrow width of the KK graviton, under the above 
assumptions, can be helpful in limiting the background in this channel. However, one 
has to account for smearing of the measured resonance mass. 

In Ref. [87], the background was taken to be all tt with invariant mass within 3% 
of mf, corresponding to a typical smearing E x 3% for the ATLAS experiment. The 
top identification efficiency was treated as uncertain in this work and the reach, given 
by S/\fB = 5, assuming 100 fb~^ of integrated luminosity, was considered for three 
values of efficiency, 1%, 10%, and 100%, as presented in Fig. 4. These results suggest 
that the reach for Gi may be expected to be 1.5-2 TeV, depending on top identification 
efficiency. 

Given that the longitudinal gauge bosons Zl and are manifestations of the 
IR-localized Higgs sector Goldstone modes, their couplings to the graviton KK modes 
are substantial, as deduced from Eq. (123). In particular, the process pp ^ Gi ^ Z^Zl 
with both Z's decaying into £^ = e^,/i^, provides a clean signal, unencumbered by 
complicated event reconstructions. In the absence of prompt di-lepton and di-photon 
channels, this process provides a "golden mode" for KK graviton discovery. Based on 
these considerations, Ref. [83] examined the possibility of searching for warped gravitons 
in the ZlZl decay channel. 

§ Quite often (however not as a rule [45]) , it is the right-handed top quark that is the most IR-locahzed 
SM fermion, given that the doublet {t, b) l is subject to precision bounds on 6-quark couplings, as noted 
in the preceding discussion of precision constraints. 




Figure 4. The reach (S/^/B = 5) for the Hghtest KK graviton d, from Ref. [87], with 
100 fb~^ of integrated luminosity and top identification efhciency 100%, 10%, and 1%, 
clockwise from the top. With increasing I'tj^ (corresponding to — Cf^ in the notation of 
Part I) the profile of tji is more IR-localized; M4L corresponds to 1/c in our notation. 



In Ref. [83], it was determined that the vector boson fusion cross section for KK 
graviton production is roughly an order of magnitude smaller than the gluon fusion 
channel considered above. The dominant SM background to ZZ production though 
comes from qq initial states. Hence, one expects forward-backward cuts on pseudo- 
rapidity rj to be efficient in reducing the background, mediated via t/u channels, while 
not affecting the signal a great deal; this was shown to be case in Ref. [83], typically 
yielding S/ B significantly larger than unity. Note that due to negligible initial state qq 
coupling to Gi, the signal and background do not interfere to a good approximation. 

The reducible SM background to the above KK graviton signal depends on the 
decay modes of the Z's. For hadronic decays of both Z's, the 4 jet QCD background 
was deemed too large to allow this channel to be of use. Even the case with one Z 
decaying hadronically and the other decaying into £^ poses a serious challenge. This is 
due to the large boost of the Z's (similar to t's in the previous discussion) which makes 
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Figure 5. The cross-sections (integrated over one width) for gg ZZ via KK graviton 
(solid lines) and the corresponding SM background (dashed lines), for c = 0.5, 1, 1.5, 2 
(from bottom to top), with no cut on 77 (left panel) and 77 < 2 (right panel). The yellow 
region shows the expected KK graviton mass in the simplest models based on gauge 
KK mass from precision tests [83] . 



the opening angle of signal di-jets of order M^/TeV ~ 0.1 [83] while typical cone size 
for jet reconstruction was taken to be (9(0.4) (as quoted from Ref. [88]). This makes 
the relevant SM background to come form Z +j, which was calculated to be an order of 
magnitude larger over the resonance width. This problem of jet-merging in the decays 
of highly boosted particles is a generic challenge in searches for TeV scale resonances 
that preferentially decay into heavy SM final states, and will be encountered in our later 
discussions of other KK modes. 

Based on the clean 4i final state, the signal and background were calculated over 
the KK graviton width Tg, as shown in Fig. 5. We can see from the plots that the 
r^-cut significantly improves S/B; the dependence of background on c comes from the 
dependence To oc <f that sets the integration interval. Naive dimensional analysis 
suggests that higher curvature terms are suppressed by A ~ 24^^^ ti [83], which is 
why values of c > 1 were considered. Ref. [83] concluded that for c < 2 (for reliable 
calculations), the LHC reach {S/y/B > 4) for d is about 2 (3) TeV with 300 (3000) fb'^ 

Another potentially important channel for KK graviton discovery is via the W^W£ 
final state, discussed in Ref. [89]. These authors note that the KK graviton has 
a branching fraction into the twice that for the Z^Zl final state and that the 
branching fraction of the into a leptonic final state is about 11% compared to 3% 
for the Z. However, when the highly boosted W^s decay into leptons, the neutrinos 
will be mostly back-to-back and the missing energy information will be lost [83, 89]. In 
addition, the hadronic decay of one of the W^s will again be coUimated and be subject 
to a large W + j background [83, 89]. The results of Ref. [89] suggest that the reach for 
the KK graviton in the channel with 300 fb~^ will not be significantly above 2 TeV, 
unless analysis techniques are developed to suppress the W + j background. 

In graviton KK mode is detected at the LHC, it would be important to 

establish its spin. Ref. [90] considered whether this is feasible, in models that yield 
realistic flavor using bulk fermions, and concluded that, with 1000 fb~^, the KK graviton 
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spin for masses up to ~ 2 TeV may be confirmed. Refs. [91, 85, 92, 93] also considered 
this question, but in the original RS model with the entire SM on the IR brane, where 
and fi"^ decay modes are accessible. Using the "center-edge asymmetry" in the angular 
distribution of the final state leptons, Ref. [92] found it feasible to identify the graviton 
spin at the 2a level, for c = 0.1, up to a mass of 3.2 TeV, with 100 fb~^. However, 
we again note that the original RS model is subject to stringent bounds on cutoff-scale 
operators which, in the absence of tuning, would require mf ^ 1 TeV. 

Simple warped models predict that the hghtest graviton is 3.83/2.45 ~ 1.56 times 
heavier than the hghtest KK gauge boson. Given the preceding discussion of precision 
data, it is then expected that mf > 4 TeV, corresponding to the yellow regions in Fig. 5. 
Therefore, the above analyses suggest that, in generic models, discovering the warped 
KK graviton at the LHC is quite challenging, at design or perhaps even upgraded (SLHC 
[94, 95]) luminosity. 



7. KK Gluons 



The KK gluons generally offer the best reach for discovery at the LHC, as indicated 
by the results of Refs. [96] and [97] that we summarize below; we will not present the 
details of the analysis in these works and refer the interested reader to these references 
for more information. First of all, the level- 1 KK gauge fields are generally expected to 
be the lightest such excitations, within the known (SM©gravity) sectors; the KK masses 
for a gauge field A are given by Eq. (120) with a;^ — > a;^ ~ 2.45, 5.57, . . .. Secondly, the 
SU{3)c coupling constant gs of the SM gluon is larger than those of other SM gauge 
fields. This leads to a larger production cross section, which is proportional to g^, for 
the KK gluons. However, in realistic models of fiavor, the couplings of gi to fight flavors 
are diminished compared to its SM counterpart {go, the gluon), suppressing production 
through light quarks at colliders; the couplings to the gluon of the SM are zero by 
orthonormality of KK modes. On the other hand, the dominant branching fraction 
is set by coupling to IR-localized top quarks, which is enhanced compared to the SM 
gauge coupling. This leads to a large width for KK gluons F^ ~ mf/6 for mf > 1 TeV 
(demanded by precision data), and renders the extraction of a discovery signal more 
difficult. 

The work of Ref. [96] focused on a setup in which — {t,h)L was quasi IR- 
localized, t u was basically on the IR-brane, and all other fermions / were UV-locafized. 
Let ^ = ^log(Mp/TeV) \fkr^ ~ 5. Then the couplings of the hghtest KK gauge 
field are given by the following approximate relations [96] 

^ -l/C; «1; ~0; (124) 

fl'SM 5'SM 5'SM 5'SM gSM 

where gsM denotes a generic SM gauge coupling, A^^^ is a gauge field zero mode. Note 
that H includes both the physical Higgs (h) and unphysical Higgs, i.e., longitudinal 
W/Z by the equivalence theorem (the derivative involved in this coupling is similar for 
RS and SM cases and hence is not shown for simplicity). For the case of KK gluons, the 
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Figure 6. Left panel: Invariant tt mass distribution (left panel) and Plr (right 
panel). In both panels rnf — 3 TeV, for parton-level signal+background (dashed) and 
SM prediction (dotted); the Wjj background is also shown (dashed-dotted) in the left 
panel. The error bars correspond to the statistical uncertainties in the particle-level 
analysis. These plots are from Ref. [96] . 



last coupling in Eq.(124) does not exist and the fourth equality is exact, since SU{3)c 
is unbroken. Here, the effects of EWSB, expected to be small, are ignored. We note 
that, in alternative models that possess a custodial symmetry to protect the coupling 
Zbb, one can arrange for the couplings of and to be interchanged or for both to 
have intermediate values [16]. 

At the LHC, the dominant gi production is through the uu and dd initial states. 
However, the background tt is mainly from gg fusion and more forward-peaked. Hence, 
a pt cut suppresses the background more than the signal. In Ref. [96], the preferred 
reconstruction mode was ti — > bbjjiu. In order to minimize the impact of parton 
distribution function (PDF) uncertainties, this work focused on the differential cross 
section as a function of the tt invariant mass rriu and looked for a "bump" in this 
distribution; due to the large width of the KK gluon a sharp resonance is not expected. 
Particle and parton level results from Ref. [96] are shown in the left panel of Fig. 6. 
With a total efficiency of order 1%, including 6-jet-tagging (20%) and cut (about 20%) 
efficiencies, as well as the branching fraction to the final state (0.3), it was concluded 
that S/y/B = 11.0 (4.2) and S/B = 2.0 (1.6) for mf = 3 (4) TeV are achievable for 
100 fb^\ at the LHC [96]. It is then concluded that the LHC reach for the KK gluon 
gi is mf < 4 TeV. 

It is also noted in Ref. [96] that the enhanced coupling of t^ (in this setup) to KK 
gluons provides an important handle on the signal, since, whereas in the warped model 
the decay of the KK mode is largely dominated by tji, the SM background is dominated 
by QCD which is left-right symmetric. Here, due to the large boost of the top quark, 
its chirality is preserved and can be deduced form its decay products: leptons tend to 
be forward (backward)-emitted, in the rest frame of t_R(L), relative to the direction of 
the top quark boost. Defining 

P = 2 X ^+~^- (125) 
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Figure 7. tt invariant mass distribution for signal plus some background, given 
different values of the top-tagging fake rate, for mf — 2(5) TeV in the left (right) 
panel. 



where N± is the number of forward/backward positrons in the above sense, the right 
panel of Fig. 6 shows a distinct asymmetry which can be correlated with bumps in 
the invariant mass distribution. Note that in the above setup, the much smaller SM 
asymmetry, mostly from the left-handed weak coupling, has the opposite sign in the 
signal region [96]. 

An independent study regarding the LHC reach for gi was performed in Ref. [97], 
using assumptions about the fermions profiles similar to that discussed above. This 
resulted in nearly the same level of suppression in the production, dominance of the 
branching fraction, and total width. Here, as in Ref. [96], it was recognized that, for 
reasonable values of mf, the highly boosted final state tops will have collimated decay 
products. Hence, the usual techniques of top identification will not be applicable and 
new methods have to be developed to gain control over the background. 

In Ref. [97], the effects of potential methods for background suppression, generally 
requiring a detailed knowledge of jet morphology and detector simulations, were 
parametrized by a range of signal dilution factors. In Fig. 7, the tt mass distribution for 
mf = 2 (5) TeV is presented in the left (right) panel. Here, the two-object tt final states 
are subject to QCD di-jets and bb backgrounds that fake the signal. The various curves 
in each panel represent different levels of fake rate and suggest that signal extraction is 
possible if a background rejection factor of about 10 is achieved. Ref. [97] concludes that 
based on their analysis, given 100 fb~^, a conservative LHC reach for gi is about 5 TeV. 
Note that this is a somewhat more optimistic conclusion than that reached above. The 
authors of Ref. [97] attribute this to the different method, based on strong cuts, adopted 
in Ref. [96] to identify hadronic tops that could result in a more limited reach. Here, we 
note that without a more detailed study based on jet structure and realistic simulations 
of background rejection, it is difficult to determine how conservative this extended reach 
is. In any case, given that realistic values of KK gluon mass lie above 2-3 TeV, we see 
that in either case, the LHC can potentially access interesting values of mf. Identifying 
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boosted tops are also studied in Refs. [98, 99]. 

The spin of the KK gluon provides another handle on the signal. The prospects for 
establishing the 1 + cos^ 6 behavior of the signal top angular distribution was examined 
in Ref. [97]. While this distribution has a characteristic forward-peaked structure, the 
background is also strongly forward-peaked. Strong pt cuts on reconstructed tops or 
tagged top-jets could largely suppress the background and enhance S/B. However, we 
note that a good grasp of top-tagging efficiency and background rejection is needed 
before a firm conclusion can be made. This work also considered the possibility of 
estabhshing the chiral structure of the gluon KK couphng, in a fashion similar to that 
of the preceding discussion, concluding that it is feasible to do so for mf up to 2- 
3 TeV, above which lepton isolation cannot be effectively achieved, making the requisite 
measurements more challenging. 

Ref. [100] considers ti final state resulting from the production of the gauge 
KK's. The observables are dominated by the KK gluon since its cross section is much 
bigger than the EW KK's. Similar to Ref. [96] they show that the forward-backward 
asymmetry of the top-quark can be significantly altered from the SM prediction. 
Moreover, Ref. [101] explains the 2 a deviation in the tt forward-backward asymmetry 
at the Tevatron by a 3 TeV KK gluon contribution, while the long-standing 3 a 
discripancy in the 6-quark forward-backward asymmetry is improved by the EW gauge 
KK contributions [102]. 

Associated production: Refs. [103] and [100] consider the associated production of 
the KK gluon with cither tt or bb, with the KK gluon decaying to tt. Taking into account 
irreducible backgrounds, they find that the reach at the LHC with 100 fb^^ is about 
3 TeV in this channel. They point out that optimizing the cuts might lead to a better 
reach, although dealing with combinatorics for the 4-top final-state is no trivial matter. 

New decay channels: As mentioned in Part I, in models with custodial and Zbb 
coupling protection, precision constraints seem to favor regions of parameter space where 
some of the KK excitations of the top quark are relatively light. The KK gluon can 
then decay into a pair of KK top (t^) states with a significant branching fraction, and 
become a relatively broad resonance due to its large coupling to t^ [47]. 

Before closing this section, we note that, during initial phases, the LHC may operate 
at or below ^/s = 10 TeV. Given that the KK gluon is a promising mode of discovery for 
warped scenarios, here we would like to provide an estimate of the LHC reach for this 
state at the lower center of mass energy. As a check of our estimate, first we consider 
the reach at = 14 TeV. Consistent with the aforementioned results of Ref. [96], we 
find for mf = 3 TeV that the luminosity required at the LHC for a 5 cr significance at 
^/s — 14 TeV is about 25 fb~^, for cuts and efficiencies given therein. For ^/s = 10 TeV, 
using a Monte Carlo simulation, we find that the luminosity required for 5 a discovery 
increases to about 115 fb~^, for similar cuts and efficiencies. 
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8. Electroweak KK states (KK W and Z) 

We restrict our discussion here to models where the electroweak gauge group in the bulk 
is taken to be SU (2) ^ (g) SU {2)r ® U {l)x, with hypercharge being a linear combination 
of U{1)r and U{l)x- The extra SU{2)ji (relative to the SM) ensures suppression of the 
contributions to the EWPT (especifically the T parameter) [15]. The detailed theory 
and LHC phenomenology of the neutral EW states are presented in Ref. [104], and that 
of the charged EW states in Ref. [105] from which we will summarize the main aspects 
of their results. For just the SM gauge group in the bulk, see Ref. [106] for a discussion 
of the AdS/CFT correspondence and LHC signatures. 

In these theories, there arc three neutral electroweak gauge bosons denoted as 
Wl, and X, and two charged gauge bosons denoted as and W^. The 
SU{2)r ® U{l)x — ^ U{1)y symmetry breaking by b.c.'s leaves one combination of 
zero-modes in {W^,X) massless (the hypercharge gauge boson B) while rendering 
the orthogonal combination (Zx) massive. In the charged sector this breaking leaves 
the without a zero-mode. The SM Higgs doublet is promoted to a bi-doublet 
of SU{2)i SU{2)ii with zero U{l)x charge and like in the SM, is responsible for 
SU{2)l (E) U{1)y U{1)em symmetry breaking by the Higgs VEV. This leaves one 
combination of zero-modes in {Wl,B) massless (the photon A), while making massive 
the orthogonal combination (Z), and in the charged sector making the massive. 

The bulk gauge fields can be expanded as a tower of KK states. In each of these 
neutral and charged tower of states, we will restrict to the zero and 1st KK modes only. 
The zero- mode is the SM, and we will denote the 1st level KK neutral states by Ai, Zi 
and Zxi, and the charged ones by W^_^ and W^^. 

EWSB mixes these states and the resulting mass eigenstates are denoted by the 
neutral ^41, Zi and Zx^, and the charged H^Lj, Wr^^. We will also collectively refer to the 
heavy neutral mass eigenstates as Z', and the charged ones as W. Note that the (EW 
preserving) KK masses for the first KK states (for both the neutral and charged KK 
states) arc quite degenerate such that the EWSB mixing (mass)^ term is larger than KK 
(mass)^ splitting for rriKK ~ 3.5 TeV. Hence, for the interesting range of KK masses, we 
expect large mixing between Zi and Zxi in the neutral sector (the Ai does not mix), 
with the heavy mass eigenstates roughly 50 — 50 admixtures of Zi and Zxi and a small 
admixture of Z^^^ . The hghtest mass eigenstate is of course identified as the SM Z boson 
and is mostly the Z^^\ Similarly in the charged sector, the two heavy mass eigenstates 
are a large mixture of W^l'^^ and wj^^'^^ with a small admixture of W^'^^^. Although the 
mixings between the first and zero levels are small, it is important to keep these effects 
in Z' and W' decays to SM gauge bosons, since they lead to 0(1) effects when the small 
mixings are overcome by the enhancement due to the longitudinal polarization of the 
energetic Z and W in the final state (as expected from the equivalence theorem). 

Couplings: As already mentioned, warped models can naturally explain the SM 
fermion mass hierarchy. In such models, as shown schematically in Eq. (124) ignoring 
small EWSB effects, the fight SM fermions have a small coupfings to all KK's (including 
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Figure 8. Total cross section for Z' (left) and W 
(from Refs. [104] and [105] respectively). 



(right) production versus its mass 



graviton) based simply on the overlaps of the corresponding profiles, while the top quark 
and Higgs have a large coupling to the KK's. The exact couphngs including EWSB 
effects are presented in Refs. [104, 105]. 

Phenomenology: Here we summarize the main results of Refs. [104] and [105] that 
studied the KK Z and W comprehensively. The results presented below are for the 
following choices of fermion bulk mass parameters: Cq3 = 0.4, = 0, and all the 
other c's > 0.5, and for ^ = \fhnr'c = 5.83. The Zbb coupling can be protected [16] 
against excessive corrections by making the third generation quarks bidoublets under 
SU{2)i ® SU{2)r by including extra non-SM fermions to complete the representation. 
The W can decay to some of these extra non-SM fermions which is taken into account 
in computing the BRs in Ref . [105] , but as a first-step the analysis is based on SM final 
states only. 

The total width of the KK Z and W are typically about 5 to 10 % of their mass. For 
reasons already mentioned, they predominantly decay into heavier fermions (top), and 
to the Higgs (including Wl and Zl, the longitudinal modes). The main decay channels 
are: Z' ti, W^Wl, ZlIl, and W tb, WlZl, WlH. Although the ti BR can be 
large, the KK gluon is degenerate with the electroweak states and have a much larger 
cross section into the tt channel rendering this channel not very useful as a probe of the 



LHC signatures: We summarize here the LHC signatures analyzed in Refs. [104, 
105]. The total cross section for pp Z' and W at the LHC with ^ = 14 TeV are 
shown in Fig. 8 as a function of its mass. Drell-Yan type production is dominant with 



EW KK's. 
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Figure 9. Jet-mass distributions for the W jj vs. QCD jet for a cone-size of 0.4 
with and without E, rj and (j) smearing (left), and for t vs. 6-jet for a cone-size of 1.0 
(right). Both are for a 2 TeV KK gauge boson. 



vector boson fusion channel about an order of magnitude smaller. We consider next the 
dominant decay modes, their signatures at the LHC and the reach for their discovery. 

Owing to the large mass of the KK Z and W, the SM final states they decay into are 
significantly boosted resulting in their decay products highly collimated in the lab- frame. 
For example, for the semi-leptonic Z' WW, the presently typical jet reconstruction 
cone size of AR = 0.4 will cause the two jets from the W decay to be reconstructed 
likely as a single jet (albeit a fat jet), impeding our ability to reconstruct a W mass 
peak. This means that we would pick up a SM QCD jet background which typically is 
large, and would require special consideration to keep it from overwhelming the signal. 
In order to discriminate the merged jets of the W from a QCD jet, one can use the 
jet-mass, which is the combined invariant mass of the vector sum of 4-momenta of all 
hadrons making up the jet, as shown in Fig. 9 (left). Techniques to discriminate against 
QCD jets arc also studied in Refs. [107, 108]. Although the two jets from W jj are 
severely overlapping in the hadronic calorimeter, it may be possible to utilize the better 
granularity of the electromagnetic calorimeter and the tracker to resolve "sub-jets" [109] 
and obtain a reasonable discriminating power against QCD. Similarly, in the W' tb 
channel, ti production can become a source of background since a highly collimated top 
can fake a 6-jet. A top and a 6-jet can again be discriminated against by using the 
jet-mass variable as shown in Fig. 9 (right). 

Kinematic cuts can be applied to maximize the signal and suppress the background. 
We refer the reader to Refs. [104] and [105] for distributions of various kinematic 
variables for many of the dominant final-states and cuts based on them. We summarize, 
in Table 1, the LHC reach after suitable cuts for the Z' and W' found in those studies. 
Where the number of events is small, Poisson statistics is used to find the significance 
and the equivalent Gaussian significance is quoted. We see that upwards of 300 fb^^ is 
needed to probe a 3 TeV KK Z oi W state. 

In what we have discussed so far, owing to the flavor connection, the BR into 
experimentally clean leptonic channels are quite small (about 10~^) rendering them 
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Table 1. Summary of the best channels (from Refs. [104, 105]) for the Z' (top-table), 

and, W (bottom-table), giving the luminosity and significance for the mass shown. 
For the W tb channel the numbers without (and with) the reducible ti background 

aro shown. 
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useless, and one had to work with more complicated final states. However, if warped 
models are taken as a theory of flavor alone (and not generating the gauge-hierarchy), 
the UV scale can be lowered to as low as C(IO^) TeV [17] (a more detailed study of 
flavor constraints in Ref. [110] finds the minimum UV cutoff to be several 10^ TeV) 
instead of the usual Planck-scale. Such "truncated" models result in Z' Icptonic BR's 
that are big enough to lead to a very good significance at the LHC, in the di-lepton 
channel [17, 111]. A big leptonic cross section due to Z' exchange is also found in 
Ref. [112] where a model is presented in which the left-handed light quarks and leptons 
are peaked toward the IR brane giving much larger light fermion couplings to the Z'. 
However, this comes at the price of requiring the bulk mass cl parameters for the three 
generations to be highly degenerate in order to keep FCNC's under control. 

9. KK fermions 

The presence of KK excitations of SM fermions is a generic prediction of warped models 
with bulk fermions and their discovery would be one of the "smoking gun" signatures. 
For example, see Ref. [113] for how the KK fermion spectrum correlates with the SM 
fermion masses. However, Ref. [114] points out that discovering these modes would 
likely be possible only in a future collider and not at the (even upgraded) LHC. This 
is due to the small single-production cross section and their large mass, as they are 
heavier than gauge KK modes which are constrained by precision EW measurements. 
For a model independent analysis at the Tevatron of heavy vector-like fermions with 
significant mixings with SM fermions, see Ref. [115]. 

As explained earlier, in order to obtain custodial protection of Zbb coupling, the 
third generation quarks can be extended to be bi-doublets under SU{2)l ® SU{2)ii, 
which then necessitates the introduction of extra non-SM fermions to complete the 
representation [16]. The presence of these non-SM fermions is model-dependent, but 
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Figure 10. Production cross sections at the LHC for T5/3 as a function of its mass. 
The dashed hne refers to pair-production; the sohd and the two dotted curves refer to 
single production for the three values of the coupling. From Ref. [119]. 



some of them could be fairly light (lOO's of GeV) [116, 15] (see Ref. [117] for sample 
numerical values). Several works have considered the discovery of these light non-SM 
fermions at the LHC. In models with custodial protection of Zbb, the tj? could be in 
either a singlet of SU{2) l ® SU (2)r or be in (1, 3) © (3, 1). In the latter case, one of the 
custodial partners of the tji, denoted bn can be fairly light, and Ref. [118] considers its 
LHC signatures by looking at 4-W events. With 10 fb~^, they show that the peak in the 
di-jet mass distribution stands out above the background. Ref. [119] considers the single 
and pair-production of the custodial partner T5/3 (of the SM left-handed quark doublet) 
at the LHC. In Fig. 10 we show from Ref. [119] the cross-sections as a function of its 
mass. They show that in the same-sign di-lepton channel, discovery at the LHC could 
come with less than 100 pb~^ (20 fb~^) of integrated luminosity for a mass of 500 GeV 
(1 TeV). See also Ref. [120] for a study of LHC signatures of vector-like quarks with 
these quantum numbers in single and multi-lepton channels. In models with custodial 
protection a light top KK mode plays an important role in relaxing the constraints 
from EWPT [45, 9, 50]. Taking into account the s-channel KK gluon exchange, which 
interferes constructively with the gluon diagram, this mode may be detected via pair 
production up to a mass of 1.5 TeV, at the LHC with about 300 fb~^ [47]. 

Ref. [121] includes the effects of mixings between SM fermions with KK excited 
fermions and mixings in the gauge sector, and shows that this leads to a better fit to 
EW observables compared to the SM, including explaining the discrepancy in A^p^. The 
effects from fermion mixing in v4^^ is in addition to the contribution from the KK gluon 
already discussed in Sec. 7. They find, in this class of models, that quite large values of 
the Higgs mass (about 500 GeV) still give acceptable EW fits. 
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10. The Radion 

The radion is a scalar field associated with fluctuations in the size of the extra dimension. 
The mass of the radion is dependent on the mechanism that stabilizes the size of 
the extra dimension. This was first achieved in a simple model with a bulk scalar 
(with its own dynamics and constraints) in Ref. [2], where it can be shown that, 
generically, the radion may be expected to be the hghtest new state in an RS-type 
setup [122]. This stabilization mechanism was further elaborated in Refs. [123, 124]; for 
an alternative mechanism based on Casimir energy associated with a compact dimension 
see, for example, Ref. [125] (an earlier attempt can be found in Ref. [126]). The radion 
interactions with SM fields, being of 5D gravitational nature, arise through operators of 
dimension-5 and higher characterized by a scale A ~ TeV [122]. For the most part, the 
radion couplings are similar to Higgs couplings. The radion mass is expected to be a 
few tens to hundreds of GeV to have escaped detection at LEP and be consistent with 
precision electroweak data [124, 127]. This also implies that no observable deviations 
from Newton's law in torsion balance experiments are expected [128]. However, the 
radion field can mix with the Higgs boson after EWSB which involves another parameter, 
the coefficient of the curvature- scalar term [129]. 

LHC signatures of the radion (r) have been analyzed both in the case when SM 
fields arc IR localized (original RS model), as well as when the SM is in the bulk, and 
the search methodology usually parallels Higgs searches. Similar to the Higgs, the main 
production channel is gg ^ r, induced at loop level in the original RS model, given for 
example in Ref. [129]. They find that the ratio of the radion significance (in gg ^ r 
followed by r — > 77 and r — > ZZ — > M) to the corresponding SM Higgs significance 
{Rs) at the LHC can vary from about ten to a hundredth as A varies from 500 GeV to 
20 TeV (for the coefficient of the curvature-scalar term set to zero). 

For the case of the SM in the bulk there is a tree-level coupling of the radion to 
massless gauge bosons (including the gluon) as pointed out in Ref. [130], and the radion 
couplings to all SM fields including loop induced couplings can be found in Ref. [131]. 
Rs from Ref. [131] is shown in Fig. 11 and its variation is similar to that of the original 
RS case. Here, the curvature-scalar term is assumed to be zero. The 77 channel (left) 
and ZZ — > (right) are shown both for the SM in the bulk (solid lines) and SM fields 
IR locahzed (dashed lines). The dependence on A is also shown. Ref. [132] shows that 
the radion BR into 77 can be quite dramatically enhanced in the bulk SM case for 
non-zero curvature-scalar coupling. 

Ref. [133] explores an FCNC observable mediated by the radion r — tc at the LHC 
and finds that an intcrsting region of parameter space can be probed with 300 fb^^. For 
a related process, Ref. [68] has shown that the Higgs FCNC BR{h — > tc) can be about 
5 X 10~^ in warped models. They also find that BR{t — > he) can be about 10~^. These 
effects can be looked for at the LHC. 
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Figure 11. The ratio of the radion significance to the SM Higgs significance in the 77 
(left) and ZZ M (right) channels at the LHC. The solid lines are for the case of the 
SM fields in the bulk, while the dashed are for IR localized SM fields. From Ref. [131]. 



11. Conclusions 

We began this review with a detailed presentation of various techniques that are 
useful in analyzing the physics of theories with extra dimensions, in particular warped 
extra dimensions. These are the KK description (useful for discussing the collider 
phenomenology) and techniques that allow to resum the low-energy effects of the new 
physics (propagator and holographic methods), as well as their relations. An important 
application is to the determination of indirect bounds on the scale of new physics 
from EW precision constraints. Models with bulk gauge and fermion fields (that allow 
addressing the flavour puzzle) together with a custodial symmetry, can be consistent 
with precision measurements with gauge KK excitation around 3 TeV. Additional 
flavour constraints (not reviewed here) can result in stronger bounds, although these 
can be consistent with the above KK scale with a moderate amount of fine-tuning, or 
with additional flavour structure. 

In surveying the collider phenomenology of warped 5D models, we largely focused 
on their KK signals, both in the original RS model (with the SM content on the IR- 
brane) and in models that can explain the flavor puzzle within a 5D version of the SM. 
In these latter models, suppressed couplings to the SM zero modes make the coUider 
discovery of the warped resonances signiflcantly more difficult. In the simplest models, 
the KK gluons have the best prospects for discovery, up to masses of about 4 TeV, but 
the KK gravitons, a distinct feature of warped models, would likely lie outside the reach 
of the LHC experiments. Hence, the upcoming LHC experiments can probe interesting 
regions of parameters in realistic warped hierarchy/flavor models. Improved analysis 
techniques, such as those relevant to the hadronic decays of heavy boosted particles, 
can generally enhance the discovery prospects for the warped KK modes. 
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Appendix A. Low-energy expansions 



We collect here some useful results for the functions involved in the calculation of EWPT 
in models in AdSs. We will always consider Lq <^ Li and expand to leading order in 
Lq/Li. We also define the dimensionless parameter m = mLo, (where m is the mass 
appearing in the IR boundary conditions). 

The function K„i{p,z) defined by Eqs. (25) and (26), which corresponds to the 
gauge boson holographic profile, is cxphcitly given by 

.1 Jl + BY^' 



Km(p,z) = a{zy 



(A.l) 



where B = —Jl^/Y^^, and we used the definitions of the Bessel functions, Eqs. (5) 
and (12), but with m„ — > p. The vacuum polarization for the boundary field in the 
holographic method is 



7^/ / r ^ Lorn 



1 - 



m 



Li m 

log 

^Lo 2 



+ 



P^W 
2 2 



2 r 



1 m 

8 . 



+ 



(A.2) 



For an IR localized Higgs, it is sufficient to consider the bulk profile for z ^ Lq. 
Expanding for small momenta and small m one finds 
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Similarly, the function S{p,z) defined by Eqs. (25) and (27), which is independent 
of m, is explicitly given by 



S{p,z)= -'^{Y.'Jl-JlYi 
again with m„ ^ p in the definitions (5). It can be expanded for small p as 
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For completeness, we also record the fermion holographic profile [see Eqs. (40) and 



(41)]: 
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where Bf = — ^c+i/2/-^^+i/2' — > p in the definitions (5) and (12). The comments 
about IR localized terms made after Eq. (17) apply. The RH profile can be obtained 
from pfnip, z) = Ocfhip-i ^), where Oc was defined in Eq. (16). 
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Finally, we also used in the main text the auxiliary functions 
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Note that as c ^ +oo, 5'„(c) (Lq/Li)"' and ^„(c) (Lq/Li)" InLo/Li, which are 
exponentially small for positive n. Expanding the functions of Eq. (102) for small 
using Eq. (A.3), one gets 

1 



where 



gi{0) =l-^m(l- ^rnj c/2 , 

L'' r / 1 

^i'(O) = 3^ [8c/2 - 5^4 + 4^4 + m (^-5^2 + 2^4 - gi/e 

and 771 corresponds to m, and m/c^ for f — W,V, A, respectively. 



9^2 - 2^2 + m ( -6-4 - 5-2 



(A.9) 

(A.IO) 
(A.11) 
(A.12) 
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